Abstract
4
While MPB can colonize different pine species, it does not infest Pinus Jeffreyi, which is the 53 only known host of the JPB. Because JPB has lower genetic diversity than MPB, the former may 54 have diverged from the latter (11). When inoculated into trees above a certain density, G.
55
clavigera can kill pine trees without the participation of its beetle vector (12, 13) . Recent work 56 by Alamouti et al. (14, 15) on epidemic MPB populations in Canada, and localized MPB 57 populations in the western and southern USA, as well as on the JPB population in California, 58 have shown that G. clavigera is in fact a genetically heterogeneous species, consisting of at least 59 two distinct cryptic fungal species that are reported as Gs and Gc. While these fungal lineages 60 inhabit distinct ecological niches, they are closely related phylogenetically and may have 61 evolved by adapting to the specific chemistry of their host trees.
62
Because G. clavigera (Gs) is one of the most pathogenic fungi carried by MPB in the current 63 epidemic in western North American, diverse genomic resources have been developed for this 64 fungus (16) (17) (18) . Gs can effectively detoxify monoterpenes and utilize monoterpenes (especially 65 limonene) as a sole carbon source. To decrease the toxicity of monoterpenes that enter Gs cells, 66 the fungus has evolved an active efflux pump system through an ABC transporter (18). A mutant 67 lacking this transporter was more sensitive to monoterpene treatments on malt extract agar 68 (MEA) and was unable to grow on a minimal medium in which monoterpenes were the sole 69 carbon source. However, this ABC transporter mutant was still able to grow and colonize young 70 pine trees and cause tree death. Transcriptome analyses indicate that while the ABC transporter 71 is induced six hours after treatment with monoterpenes, the genes coding for enzymes that may 72 further mediate monoterpene detoxification were up-regulated only after a longer exposure (36 73 h). DiGuistini et al. (16) proposed that an induced ~100-kb gene cluster may be involved in 74 detoxifying monoterpenes. (25) (26) (27) . Bacteria use at least six pathways to convert limonene. Usually the first step involves 81 oxygenation of monoterpenes, often catalyzed by cytochrome P450s (CYP450s) (21, 28, 29) .
82
Depending on the carbon position where oxygenation occurs, the pathways are designated as 83 limonene-1,2-oxide ( C1), isopiperitenol (C3), carveol (C6), perillyl alcohol (C7), α-teripenol 84 (C8), and limonene-8,9-oxide (C8 Here, we describe mechanisms involved in the tolerance or utilization of monoterpenes by Gs.
95
We describe a set of genes that code for enzymes used by this fungus to modify or metabolize 96 limonene as a carbon source, in parallel to using the ABC-G1 efflux transporter. while 3-carene, -pinene, and -pinene were either toxic or did not support growth. Recently,
190
Boone et al (6) has shown that limonene was the most highly induced monoterpene in lodgepole 
Gs genes that were differentially expressed after monoterpene treatment

194
We used RNA-seq data to identify Gs genes that were differentially expressed in fungal mycelia where the fungus had to cope with chemical stresses and the lack of easily assimilable carbon 210 sources, mycelial growth was slow and the mycelia were highly melanised.
211
Among the 442 genes that were up-regulated in both conditions ( Figure 1A ), genes involved in 212 metabolic processes were highly expressed, including those encoding certain oxidoreductases, 
Expression of genes potentially involved in fatty acid metabolism
237
In bacteria, limonene degradation products may be further processed through the beta-oxidation 238 pathway (30). We examined this pathway in Gs. We first used sequences for 24 fatty acid mitochondrial enoyl-hydratases were up-regulated in both oleic acid and YNB+MT (Table S1 ).
250
The four-gene cluster in contig 161 (Table 2, CMQ_8234, 8045, 8299, 8094) 
Validation of differentially expressed genes using RT-PCR
257
To validate the up-regulation of genes potentially related to monoterpene metabolism, we oxidation genes CMQ_4626 and CMQ_4361 were relatively low (< 5 x) in both conditions. (Table S2 ) and generated a maximum likelihood phylogenetic tree ( Figure 5 ).
299
CMQ_7007 and CMQ_6956 were placed into two distinct clades. CMQ_7007 seems more 
